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sPHENIX science

2015 US NP LRP

sPHENIX recognized by the 
U.S. Nuclear Physics 

community as the essential tool 
for QGP microscopy at RHIC

2

https://science.osti.gov/-/media/np/nsac/pdf/2015LRP/2015_LRPNS_091815.pdf
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sPHENIX run 
plan (2023-2025)

Table 1: Summary of the sPHENIX Beam Use Proposal for years 2023–2025, as requested in the
charge. The values correspond to 24 cryo-week scenarios, while those in parentheses correspond to
28 cryo-week scenarios. The 10%-str values correspond to the modest streaming readout upgrade of
the tracking detectors. Full details are provided in Chapter 2.

Year Species
p

sNN Cryo Physics Rec. Lum. Samp. Lum.

[GeV] Weeks Weeks |z| <10 cm |z| <10 cm

2023 Au+Au 200 24 (28) 9 (13) 3.7 (5.7) nb�1 4.5 (6.9) nb�1

2024 p"p" 200 24 (28) 12 (16) 0.3 (0.4) pb�1 [5 kHz] 45 (62) pb�1

4.5 (6.2) pb�1 [10%-str]

2024 p"+Au 200 – 5 0.003 pb�1 [5 kHz] 0.11 pb�1

0.01 pb�1 [10%-str]

2025 Au+Au 200 24 (28) 20.5 (24.5) 13 (15) nb�1 21 (25) nb�1

• Year-2 (2024) will see commissioning of the detector for p+p collisions and collection of large
p+p and p+Au data sets. The p+p data are critical as reference data for the Au+Au physics.
As a separate scientific objective, due to the transverse polarization of the proton beams,
the p+p data together with p+Au data will allow for substantial new studies of cold QCD
physics. We highlight that a modest streaming readout upgrade of the tracking detectors
[10%-str], requiring no additional hardware, will greatly extend this physics program in p+p
and p+Au running.

• Year-3 (2025) is focused on the collection of a very large Au+Au data set for measurements
of jets and heavy flavor observables with unprecedented statistical precision and accuracy.

Table 1 provides an overview of the data we expect to obtain in Year-1 to Year-3 (2023 - 2025), as
requested in the ALD charge. The total Au+Au data set from this three-year proposed running, in
the 28 cryo-week scenario, is equivalent to 141 billion events recorded for all physics analyses.

This document is organized as follows. Chapter 1 provides a brief summary of the sPHENIX physics
program and status of the sPHENIX project. Chapter 2 details the Year-1 to Year-3 (2023-2025) Beam
Use Proposal from sPHENIX including a break down in terms of cryo-weeks. Chapters 3 discusses
the commissioning plan for sPHENIX. Chapter 4 presents the physics projections and deliverables
from Year-1 to Year-3. We highlight that the full sPHENIX physics case is described in the original
sPHENIX proposal, and here we focus on demonstrating that within this Beam Use Proposal those
physics goals can be achieved. Chapter 5 provides a brief summary.

Additional information which may be of interest is included in the appendices. Appendix A
contains the BUP charge from the ALD. Appendix B further details inputs to the luminosity
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Year-1

Year-2 Year-3

Commissioning the detector & first 
Au+Au collisions for physics 
(measurements of “standard candles”, 
early sPHENIX physics, etc.)

Transversely polarized p+p and p+Au 
collisions:


vacuum baseline & reference for 
Au+Au physics


spin & “cold QCD” physics in their 
own right

“Archival” high-luminosity Au+Au run


>140 billion fully min-bias Au+Au 
events(*) recorded to disk


(*) - |z| < 10cm, 28-cryoweek scenarios 
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from the sPHENIX Beam Use Proposal 2022 

https://indico.bnl.gov/event/15682/contributions/63109/attachments/40862/68478/sPHENIX_Beam_Use_Proposal_2022.pdf


sPHENIX detectorWhat is sPHENIX?

July 28, 2020 sPHENIX at RHIC 5

First run year 2023
!!! [GeV] 200

Trigger Rate [kHz] 15
Magnetic Field [T] 1.4

First active point [cm] 2.5
Outer radius [cm] 270

" ⩽1.1
$"#$ [cm] 10

N(AuAu) collisions* 1.43x1011

Outer HCal

BaBar Magnet

Inner HCal
EMCal

TPC
INTT
MVTX

Calo.

Tracking

* In 3 years of running

Key sPHENIX advantages for hard probes at RHIC: 

(1) large, hermetic acceptance, (2) huge data rate, (3) hadronic 

calorimeter, (4) precision tracking, (5) unbiased triggering
6





GEANT4 simulation of Au+Au event in sPHENIX

➡ Jet, HF, Quarkonia measurements happening in a 
large, fluctuating background with huge dynamic 

variations event by event! 

EMCal
IHCal
OHCal

Tracker
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sPHENIX Collaboration

Institutions joining after CD-0

More than 360 members from 82 institutions in 14 countries as of 2022


➡ steady growth since collaboration formation with 40 institutions


➡ world-class expertise in physics, silicon, TPCs, calorimeter, electronics, 
computing, … 

9



RBRC Workshop - theorists welcome!

https://www.bnl.gov/sphenix2022/


Jet physics at sPHENIX
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Figure 4.1: Projected total yields (left) and RAA (right) for jets, photons, and charged hadrons in 0–10%
Au+Au events and p+p events, for the first three years of sPHENIX data-taking.

Signal Au+Au 0–10% Counts p+p Counts

Jets pT > 20 GeV 22 000 000 11 000 000

Jets pT > 40 GeV 65 000 31 000

Direct Photons pT > 20 GeV 47 000 5 800

Direct Photons pT > 30 GeV 2 400 290

Charged Hadrons pT > 25 GeV 4 300 4 100

Table 4.1: Projected counts for jet, direct photon, and charged hadron events above the indicated
threshold pT from the sPHENIX proposed 2023–2025 data taking. These estimates correspond to the
28 cryo-week scenarios.

photons.

As another way of indicating the kinematic reach of these probes, the nuclear modification factor
RAA for each is shown in Figure 4.1 (right). There are varying theoretical predictions concerning
the behavior of the RAA at higher pT which will be definitively resolved with sPHENIX data.

The projection plots above indicate the total kinematic reach for certain measurements, such as
those which explore the kinematic dependence of energy loss. For other measurements, it is useful
to have a large sample of physics objects to study the properties of their intra-event correlations,
for example for jets (their internal structure), photons (for photon+jet correlations), and hadrons
(for hadron-triggered semi-inclusive jet measurements). We illustrate the total yields in sPHENIX
above some example pT thresholds in Table 4.1. We highlight that, in many cases, it is the p+p
baseline rather than the Au+Au data will be the dominant contributor to the statistical uncertainties
in many of the unique, flagship sPHENIX measurements.

Several specific examples of sPHENIX projections for jet correlations and jet properties follow

22

Large luminosity for inclusive RAA measurements (left) and detailed study (right)

➡ reconstructed jets to ~70 GeV - fate of RAA at very high pT

➡ charged particles to ~45 GeV - fragmentation functions out to high-z

➡ direct photons to ~40 GeV - precise check of nuclear geometry

➡ high rate & unbiased triggering allows for true p+p baseline!
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Jet physics: structure & correlations

12
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➡ Left: subjet fraction  for >40 GeV jets - very large yield 
for inclusive jet (sub-)structure - full variety of 
measurements limited only by our creativity!


➡ Right: +jet pT balance mapped in detail (distribution of 
energy loss values, not just averages)
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Why do this physics at RHIC, 
rather than the LHC? 

Two arguments from physics, and 
two arguments from kinematics:



sPHENIX advantages: physics
1. Jet evolution closer to QGP medium scales - stronger interplay 

of parton shower with QGP degrees of freedom 
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sPHENIX advantages: physics
1. Jet evolution closer to QGP medium scales - stronger interplay 

of parton shower with QGP degrees of freedom 

Large fraction of parton shower 
is dominated by “QGP medium 

length scales” at RHIC

Jets at LHC: large 
virtuality separation 
between most of their 
evolution and medium



1. Jet evolution closer to QGP medium scales - stronger interplay 
of parton shower with QGP degrees of freedom


2. Closer to QGP transition temperature - a more strongly-coupled, 
perfect liquid! (as seen in  extraction)η/s(T )

sPHENIX advantages: physics



1. Jet evolution closer to QGP medium scales - stronger interplay 
of parton shower with QGP degrees of freedom


2. Closer to QGP transition temperature - a more strongly-coupled, 
perfect liquid! (as seen in  extraction)η/s(T )

sPHENIX advantages: physics

LETTERS
https://doi.org/10.1038/s41567-019-0611-8

Department of Physics, Duke University, Durham, NC, USA. *e-mail: jonah.bernhard@gmail.com

Ultrarelativistic collisions of heavy atomic nuclei produce an 
extremely hot and dense phase of matter, known as quark–
gluon plasma (QGP), which behaves like a near-perfect fluid 
with the smallest specific shear viscosity—the ratio of the 
shear viscosity to the entropy density—of any known sub-
stance1. Due to its transience (lifetime!~!10−23!s) and micro-
scopic size (10−14!m), the QGP cannot be observed directly, 
but only through the particles it emits; however, its character-
istics can be inferred by matching the output of computational 
collision models to experimental observations. Previous work, 
using viscous relativistic hydrodynamics to simulate QGP, 
has achieved semiquantitative constraints on key physical 
properties, such as its specific shear and bulk viscosity, but 
with large, poorly defined uncertainties2–8. Here, we present 
the most precise estimates so far of QGP properties, includ-
ing their quantitative uncertainties. By applying established 
Bayesian parameter estimation methods9 to a dynamical colli-
sion model and a wide variety of experimental data, we extract 
estimates of the temperature-dependent specific shear and 
bulk viscosity simultaneously with related initial-condition 
properties. The method is extensible to other collision models 
and experimental data and may be used to characterize addi-
tional aspects of high-energy nuclear collisions.

In normal matter, quarks and gluons are bound by the strong 
force into composite particles known as hadrons, such as protons 
and neutrons. At extreme temperature and density, discrete had-
rons transform into a fluid-like medium of deconfined quarks 
and gluons called the QGP. Quantum chromodynamics (QCD), 
the theory of the strong interaction, predicts that this transforma-
tion is a smooth crossover10 located at pseudocritical temperature 
Tc = 156.5 ± 1.5 MeV. Such temperatures—about 2 × 1012 K, over 
100,000 times hotter than the core of the Sun—materialized in the 
early Universe, moments after the Big Bang (t ! 1

I
 s).

Currently, two particle accelerator facilities, the Relativistic 
Heavy Ion Collider (RHIC) and the Large Hadron Collider (LHC), 
collide heavy nuclei with sufficient energy to create transient 
droplets of QGP. A single heavy-ion collision event can produce 
tens of thousands of particles, whose associated raw data are then 
reduced into observable quantities, such as particle multiplici-
ties and distributions of the magnitude of transverse momentum 
(pT ¼ ðp2x þ p2yÞ

1=2

I
). Another important measurement is the dis-

tribution of the azimuthal angle of transverse momentum, which 
often exhibits large azimuthal anisotropy. This is driven by spatial 
anisotropy in the initial collision geometry, which is converted to 
final-state momentum anisotropy by the hydrodynamic evolution 
of the medium. The observed momentum anisotropy, quantified by 
flow (Fourier) coefficients11,12 vn, is considered to be key evidence 
of collective flow in heavy-ion collisions13. (Similar behaviour has 
also been observed in ultracold quantum gases14 with comparable 

initial geometry, and is regarded as a general feature of strongly 
interacting systems.) The efficiency of the initial-state to final-state 
conversion depends strongly on the shear viscosity of the medium, 
typically expressed as the specific shear viscosity η/s, that is, the 
dimensionless ratio to the entropy density in natural units; larger 
η/s suppresses collective flow and reduces the vn. Previous work2–8 
has estimated η/s by matching the output of hydrodynamic model 
calculations to experimental observations of elliptic flow v2, trian-
gular flow v3 and other flow observables.

Computational collision models generally follow a multistage 
approach, mimicking the true stages of heavy-ion collisions15: 
after a brief pre-equilibrium stage of approximate duration 1 fm c–1 
(≈3.3 × 10−24 s, the time it takes light to travel 1 fm = 10−15 m) at the 
onset of the collision, the system equilibrates into QGP and begins 
to expand hydrodynamically. A viscous relativistic hydrodynamics 
model is used to calculate the spacetime evolution of the QGP and 
its transition to a hadron fluid at Tc, followed by a Boltzmann trans-
port model simulating the later reaction stages. The virtual particles 
that are output by the transport model are then used to compute 
observables analogously to experimental methods.

In this work, we apply Bayesian parameter estimation methods  
to determine fundamental properties of the QGP, including its 

Bayesian estimation of the specific shear and bulk 
viscosity of quark–gluon plasma
Jonah E. Bernhard! !*, J. Scott Moreland! ! and Steffen A. Bass! !
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Fig. 1 | Estimated temperature-dependent specific shear viscosity of the  
QGP compared with common fluids. The orange line and band show the  
posterior median and 90% credible region for the QGP ðη=sÞðTÞ

I
 estimated 

from Pb–Pb collision data at ffiffiffiffiffiffiffi
sNN

p ¼ 2:76
I

 and 5.02!TeV. The blue and 
green lines show ðη=sÞðTÞ

I
 for water and helium at different pressures 

relative to their critical pressures, as annotated, calculated from NIST 
data31. The tempera ture dependence is shown relative to each fluid’s critical 
temperature, T/Tc.
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1. Softer underlying event - easier to measure low-pT jets, medium 
response, etc.

sPHENIX advantages: kinematics



1. Softer underlying event - easier to measure low-pT jets, medium 
response, etc.

sPHENIX advantages: kinematics
New for

Hannah Bossi (Yale University)

Area-based comparisons (0-10%)
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CMS Z-tagged hadron yields - 
sensitive to subtraction method 

& treatment of MPI!

CMS, PRL 
128 (2022) 

122301

(Yang et al, PRL 127 (2021) 082301)
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1. Softer underlying event - easier to measure low-pT jets, medium 
response, etc.


2. Small phase space for Initial-State and Final-State Radiation 
(ISR & FSR) - fewer complicated multi-jet process and more 
“back-to-back” topologies

sPHENIX advantages: kinematics
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Comparison of hadron-jet acoplanarity with PYTHIA

Quantitative comparison
to PYTHIA 8 Monash
shows similar suppression
pattern

The effect is not due to jet 
quenching

Use PYTHIA to explore 
the origin of the effect
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in high-multiplicity p+p
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Learning from the LHC



How suppressed 
are Large-R jets?
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New for

Hannah Bossi (Yale University) 11

R-dependence via  ratiosRAA

Quark Matter 2022

R = 0.6 jets appear more suppressed than R = 0.2 jets, suggesting an R-dependence.

R = 0.4 / R = 0.2 R = 0.6 / R = 0.2R-dependence 
of the is a 
useful and 
discriminative 
measurement 
when compared 
to models.

RAA

No evidence of 
R-dependence 
between R = 0.2 
and R = 0.4.

Central (0-10%)

20 40 60 80 100 120 140

)c(GeV/
T, ch jet

p

0

0.2

0.4

0.6

0.8

1

1.2

1.4

=
 0

.2
)

R(
A

A
R

=
 0

.4
)/

R(
A

A
R

R| < 0.9-
jet

η, |TkCh-particle jets, anti-

= 5.02 TeVNNsALICE Preliminary, 0-10% Pb-Pb 

ALICE Data

LIDO

ALI-PREL-511679

20 40 60 80 100 120 140

)c(GeV/
T, ch jet

p

0

0.2

0.4

0.6

0.8

1

1.2

1.4

=
 0

.2
)

R(
A

A
R

=
 0

.6
)/

R(
A

A
R

R| < 0.9-
jet

η, |TkCh-particle jets, anti-

= 5.02 TeVNNsALICE Preliminary, 0-10% Pb-Pb 

ALICE Data

LIDO

ALI-PREL-511674

 [GeV]         
T

p

 0
.2

C
P

R/
R C
P 

R

0.8

1

1.2

1.4

1.6

1.8

2

40 50 60 70 100 200

 = 0.3R
 = 0.4R
 = 0.5R

0 - 10 %
ATLAS

 = 2.76 TeVNNsPb+Pb 
-1bµ = 7 L dt∫

CMS: no cone size 
dependence at very high pT

ATLAS: using fake jet 
rejection, energy recovery(?)

ALICE: using ML-guided 
subtraction, continued narrowing(?)

low pT

ATLAS, PLB 719 (2013) 220

CMS, JHEP 05 (2021) 284



How suppressed 
are Large-R jets?
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sPHENIX can resolve the tension for large-R jets 
at low pT, without model dependent methods!



Do jets feel the shape of the QGP?
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Results - yield ratios, comparison to simulation

Quark Matter 2022 (April 6, 2022) Krakow, Poland

Compare yields to each other (ratios)

- Searching for event plane (EP) dependence
- Out/in and mid/in for NS and AS
- Within uncertainties - no EP dependence
- 3σ from unity in 2 <           < 3 GeV/c AS 

Compare yield ratios to simulation (JEWEL)

- Within uncertainties - agreement 
- JEWEL with no recoils

5

In-plane: 
|φjet - Ψ2| < π/6

Mid-plane: 
π/6 < |φjet - Ψ2| < π/3

Out-of-plane: 
π/3 < |φjet - Ψ2| < π/2

ATLAS, PRC 105 (2022) 064903

Difficult to measure for jets 
with pT < 100 GeV at the LHC

ALICE: large, reaction-plane 
dependent change in fragmentation(?)

20Caitie Beattie Yale University Quark Matter 2022

Jet-hadron correlations

Away-side modification at low pT
assoc… 

NEW for QM!
Jet Energy 
Loss

Event Shape 
Engineering

Jet Particle v2

Correlations

Conclusions

Backup

See Poster by Charles Hughes

in

out

Suppression not seen in JEWEL (w/o recoils).

awaysidenearside
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7

Study of the system size dependence of flow harmonics  

Quark Matter highlights - Flow in XeXe (HION-2019-03 & HION-2019-06)

Different interplay of average geometry 
and fluctuations in the initial state 

between two systems 

Measurements 
in different 
systems 

brings better  
understanding 

of initial 
geometry & 

medium 
properties 

jet

Ψ2

ɸ



Do jets feel the shape of the QGP?
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sPHENIX can study the v2,3 for low-pT jets with good control 
on event plane (no balancing jets in EP detector)!



What is the color & mass dependence?
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ATLAS: fully b-tagged jets, less 
suppressed than inclusive jets?          

but note: pTjet >80 GeV(!)
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What is the color & mass dependence?
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ATLAS: fully b-tagged jets, less 
suppressed than inclusive jets?          

but note: pTjet >80 GeV(!)

nucl-ex/2204.13530

ATLAS: photon-tagged jets have 
higher RAA than inclusive jets - 
quarks have weaker parton-QGP 

interaction than gluons… or is this just the color 
charge difference?

ATLAS-CONF-2022-019

30



What is the color & mass dependence?
Open Heavy Flavor Physics Physics Projections 2023–2025
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Figure 4.6: Projected statistical uncertainties of nuclear modification factor RAA measurements of
non-prompt/prompt D0 mesons (left) and b-jets (right) as a function of pT in 0–10% central Au+Au
collisions at

p
sNN = 200 GeV from the three-year sPHENIX operation. Left: the solid green curve

are averaged RAA for pions and the solid blue line is from a model calculation of RAA for B mesons
over several models [12, 13, 14, 15], which maps to the dashed blue line for D-meson from B decay.
Right: the curves represents a pQCD calculations with two coupling parameters to the QGP medium,
gmed [16], and the blue band is from a recent calculation based on the LIDO transport model [17].
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Figure 4.7: Projected statistical uncertainties of v2 measurements of non-prompt/prompt D0 mesons
(left) and b-jets (right) as a function of pT in Au+Au collisions at

p
sNN = 200 GeV. Left: the blue

dotted line is from best fit of RHIC data, and the black line is for B-meson assuming mT scaling in v2.
[18, 12, 13, 14]

models describing the coupling between heavy quarks and the medium. In the first three years of
operation, sPHENIX will enable B-meson and b-jet measurements covering the wide transverse
momentum range 2 < pT < 40 GeV, as shown in Figures 4.6 and 4.7.

The left panel of Figure 4.6 shows the B-meson (D0 from B) nuclear modification measurements
covering the kinematic range pT . 15 GeV, where nuclear modifications for bottom quarks and light
quarks are expected to be quite different, transitioning in the right panel to the b-jet at pT > 15 GeV,
where the effect due to the light and heavy quark mass difference is less significant. The current
experimental results do not yet confirm the detailed physics behind this transition.

26

sPHENIX can measure fully b-tagged jets in a pT region 
where the large b mass should have an impact!



Small system collectivity & jet modification?

Streaming readout of sPHENIX trackers 
in p+Au allows for detailed study of 
multi-particle cumulants and (above) 

heavy flavor collectivity
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ATLAS: jet modifications limits from jet-
hadron correlations in p+Pb 

large jet yields & high-efficiency 
tracking in sPHENIX!
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nucl-ex/2206.01138 



Preparing for the EIC



p+A: unpolarized physics
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Above: large yields for unpolarized p+A measurements

➡ nuclear PDF modification extending deep into EMC region & cold 

nuclear energy loss

➡ measurements looking towards EIC, using EIC Detector-1 

instrumentation 

➡ e.g. hadronization in nuclear medium via jet structure
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DIS 2022 - J. Lajoie

Energy Correlations in Jets

5/5/2022 1

Analyzing N-point Energy Correlators Inside Jets with CMS Open Data

https://arxiv.org/pdf/2201.07800.pdf

ENC(RL) = (ΠN
k= 1 ∫ dΩ ⃗n k) δ(RL − ΔR̂L) ⋅ 1

(Ejet)N ⟨ϵ( ⃗n 1)ϵ( ⃗n 2) . . . ϵ( ⃗n N)⟩

!, is the asymptotic energy flow operator

1
σ

dΣ
dϕ

≡ 1
N

N

∑
A= 1

1
Δϕ ∑

pairs in Δϕ

EA
Ta

EA
Tb

(EA
T )2

2-points correlation:

More information:

arxiv:1205.1689

• TEEC in NLO in ⍺S at the LHC

arxiv:1707.02562

• ⍺S measurement from multijet events by ATLAS 

p+A: unpolarized physics

DIS 2022 - J. Lajoie

2-Point Correlations in Simulation

5/5/2022 2

Using public code at https://github.com/pkomiske/EnergyEnergyCorrelators

from Analyzing N-point Energy Correlators Inside Jets with CMS Open Data

https://arxiv.org/pdf/2201.07800.pdf
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sPHENIX Projection
, Year 2-1+Au, 0.11 pbp

 = 0.3R tkanti-

 < 24.5 GeV
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T
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 < 42.0 GeV
T
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Assuming jet pT > 20 GeV trigger

Details:

• anti-kt R = 0.3

• |η| < 1

• Only charged tracks

• Assuming 90% tracking efficiency

N-point energy correlators inside 
jets as a way to probe parton  

hadron transition
→

sPHENIX projection for differential 
study as a function of ( , ) - 

with p+p data reference!
pjet

T ΔR
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p+p: polarized physics

Use sPHENIX capabilities for TSSA of direct photons (left) and 
heavy flavor hadrons (right) 

➡ probe gluon dynamics in transversely polarized nucleons through 

tri-gluon correlation function

➡ connected with the poorly constrained gluon Sivers TMD function 

➡ check universality with HF AN at the EIC
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Photo-nuclear collisions - photoproduction limit of nuclear DIS

➡ opportunity to do some “EIC-like” physics now?

➡ sPHENIX has large acceptance for a program like this… 

Ultra-peripheral collisions

37
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chN+Pb, p

60≥rec
chN,   pp

Shi et al., PRD 103 (2021) 054017

Theory claim: use ɣ+A as 
benchmark for CGC signal in EIC

Nuclear radii using coherent ρ0 →π+π−
• Spin-induced orbital angular momentum interferometry

• Precision extraction of strong-interaction radius for Au & U in coherent ρ0 →π+π−

5

STAR: arXiv:2204.01625

Nuclear tomography via polarized 
photon+gluon interaction 

(coherent )ρ → π+π−

nucl-ex/2204.01625
ATLAS, PRC 104 (2021) 014903

Zhao et al, nucl-th/2203.06094

https://arxiv.org/abs/2008.03569
https://arxiv.org/abs/2203.06094


• sPHENIX is a dedicated jet detector for QGP microscopy, with 
unique, purpose-built capabilities never deployed at RHIC


• Learning from the LHC:


➡ some significant physics and kinematic advantages at RHIC


➡ complementary to LHC program, while also breaking new 
ground in regions unique to sPHENIX 


• Preparing for EIC:


➡ dedicated p+Au physics program 


➡ opportunity to start testing analysis strategy, Detector-1 
components now

Conclusion
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Thank you!


